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BES III Collaboration has recently observed a vector resonance in the χc0ω channel, at a mass
of about 4220 MeV, named Y (4220). Hints of a similar structure appear in the hcpi
+pi− channel.
We find that the two observations are likely due to the same state, which we identify with one of
the expected diquark-antidiquark resonances with orbital quantum number L = 1. This assignment
fulfills heavy quark spin conservation. The measured branching ratio of the Y (4220) into χc0ω and
hcpi
+pi− is compatible with the prediction for such a tetraquark state.
PACS numbers: 14.40.Rt, 12.39.Jh, 13.25.Gv
In a very recent paper, the BES III Collaboration reports the e+e− → χcJω (J = 0, 1, 2) production cross section as
a function of
√
s [1]. Hints of a resonant structure are present in the χc0ω channel at ∼ 30 MeV above threshold (i.e.
at about 4220 MeV), whereas no evident structure appears in the χc1,2ω channels. Some theoretical interpretations for
this peak have been proposed [2]. BES Collaboration also reported the measurement of e+e− → hcpi+pi− production
cross section as a function of
√
s [3]. Hints of structures not compatible with the Y (4260) have been found [4, 5]:
in particular a narrow peak at ∼ 4220 MeV. Heavy quark spin symmetry prevents any ordinary charmonium from
decaying into both χc and hc. Violations of this symmetry have already been observed in the bottomonium sector,
and are explained in [6–8]. In the charmonium mass region, many exotic charmonium-like states have been identified
according to the diquark-antidiquark model [9] (for a review, see [10]). In particular, the latest model [11] predicts
a tetraquark state, named Y3, with quantum numbers J
PC = 1−−, and mass and decay modes compatible with
a Y (4220) resonance. The wave function of this tetraquark state contains both heavy quark spin states, so it can
naturally decay into both χc0ω and hcpi
+pi− with no violation of the heavy quark spin. Since the Breit-Wigner
parameters of the peaks measured in the two channels χc0ω and hcpi
+pi− are very similar, we test the hypothesis that
the two observed structures may coincide.
We fit data with two different models (I and II in the following) similar to those considered in Refs. [1, 5]. In
the hcpi
+pi− invariant mass distribution, we add to the BES dataset the experimental point σhcpi+pi− (4.17 GeV) =
(15.6 ± 4.2) pb1 by CLEO-c [12], with statistical and systematic errors added in quadrature. For the BES data, we
take into account only statistical errors, since the systematic ones are common to all points and are not expected to
modify the shape of the distribution.
Following model-I, we fit the hcpi
+pi− and χc0ω data with the sum of a Breit-Wigner corrected for the energy
dependence given by PCAC, and a pure phase-space background. To test our hypothesis, the mass and the width of
the resonance are constrained to be the same in both channels. Thus, the fitting functions are:
σhcpi+pi−(m) =
∣∣∣∣∣A√PS3(m) +Beiφ1
√
PS′3(m)
PS′3(m0)
BW(m,m0,Γ)
∣∣∣∣∣
2
, (1)
σχc0ω(m) =
∣∣∣∣∣C + Deiφ2√PS2(m0) BW(m,m0,Γ)
∣∣∣∣∣
2
PS2(m), (2)
where m0 and Γ are the mass and width of the resonance, m is the invariant mass of the system, BW(m,m0,Γ) =(
m2 −m20 + im0Γ
)−1
, B =
√
12piBhcpi+pi−ΓeeΓ, D =
√
12piBχc0ωΓeeΓ, PSn is the n-body phase space, and PS′3 is the
PCAC-corrected phase space [6, 13], namely:
PS′3 ∝
∫
dΦ3
(
E+p− + E−p+
)2
, (3)
where E± (p±) is the energy (momentum) of pi± in the CM frame. With this model, we get a mass of 4213± 12 MeV
and a width of 52±24 MeV. The χ2/DOF = 17.38/15, corresponding to a Prob(χ2) = 30% (see Figure 1 and Table I).
1 σf (m) indicates the cross section σ(e
+e− → f) at √s = m.
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Figure 1. Combined fits of χc0ω [1] and hcpi
+pi− data [3, 12]: model-I. The purple disk in the right panel is the CLEO-c data
point at
√
s = 4.17 GeV. The red (smaller) and the green (larger) dashed curves are the Breit-Wigner curves for solution A
and B, respectively. The dotted gray curve is background.
Solution A Solution B
A (3.50± 0.36)×10−2 GeV−2
C (0.5± 2.3)×10−4 GeV−1
Bhcpi+pi− × Bee (8.3± 3.4)× 10−9 (1.41± 0.27)× 10−7
Bχc0ω/Bhcpi+pi− 8.3± 4.8 0.48± 0.20
m0 (4213± 12) MeV
Γ (52± 24) MeV
φ1 (32± 19)◦ (276.1± 5.4)◦
φ2 (182± 240)◦
χ2/DOF 17.38/15
Table I. Results of the fit (model-I). The phase-space background in χc0ω distribution is compatible with zero, hence the large
error on φ2.
The fit gives two distinct solutions for the Breit-Wigner amplitudes, corresponding to a constructive and destructive
interference in the hcpi
+pi− channel, respectively.2
To obtain the significance of the Y (4220), we perform a likelihood ratio test: we repeat the fit according to a pure
phase-space background hypothesis, i.e. forcing B = D = 0. The ∆χ2/∆DOF with respect to the full fit is 131/6,
which rejects the pure background hypothesis with a significance > 10σ.
By comparing the Breit-Wigner amplitudes in the two channels, we get the ratio:
B (Y (4220)→ χc0ω)
B (Y (4220)→ hcpi+pi−) = 8.3± 4.8± 1.9 (Sol. A) (4a)
= 0.48± 0.20± 0.11 (Sol. B) (4b)
where the second error is the quadrature sum of the systematic uncertainties of 15% for σχc0ω [1] and 18% for
σhcpi+pi− [3]. In this way, we consider the two BES datasets to have statistically independent systematics, which leads
to a conservative estimate of the error. 3
2 This ambiguity does not affect the χc0ω channel, being the background compatible with zero.
3 We remark that the ratio in Eq. (4a) is compatible with the ratio of the branching fractions of Ref. [1] and [5], once the value for
B(Y → hcpi+pi−)× Γee in Ref. [5] is corrected by a typo of one order of magnitude [14].
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Figure 2. Combined fits of χc0ω [1] and hcpi
+pi− data [3, 12]: model-II. The purple disk in the right panel is the CLEO-c data
point at
√
s = 4.17 GeV. The red (smaller) and the green (larger) dashed curves are the Breit-Wigner curves for solution A
and B, respectively. The dotted gray curve is a phase-space background in χc0ω, and a second broad Breit-Wigner in hcpi
+pi−.
Solution A Solution B
C (0.3± 2.3)× 10−4 GeV−1(Bhcpi+pi− × Bee)1 (1.3± 1.5)× 10−8 (3.3± 1.2)× 10−7(Bhcpi+pi− × Bee)2 (7.2± 3.6)× 10−8 (1.6± 1.3)× 10−7(Bχc0ω/Bhcpi+pi−)1 6.0± 8.9 0.23± 0.18
m1 (4234.4± 5.7) MeV
Γ1 (34± 16) MeV
m2 (4255± 18) MeV
Γ2 (158± 52) MeV
φ1 (86± 42)◦ (160± 15)◦
φ2 undetermined
χ2/DOF 6.26/13
Table II. Results of the fit (model-II). The phase-space background in χc0ω distribution is compatible with zero, hence the
large error on φ2
According to model-II, the background is parametrized by a broad Breit-Wigner:
σhcpi+pi−(m) =
∣∣∣∣∣ B1√PS′3(m1)BW (m,m1,Γ1) + B2e
iφ1√
PS′3(m2)
BW (m,m2,Γ2)
∣∣∣∣∣
2
PS3(m), (5)
σχc0ω(m) =
∣∣∣∣∣C + Deiφ2√PS2(m1)BW (m,m1,Γ1)
∣∣∣∣∣
2
PS2(m). (6)
With this model, we get a mass of 4234±6 MeV and a width of 34±16 MeV. The χ2/DOF = 6.26/13, corresponding
to a Prob(χ2) = 93.6%. In this case, the significance of the signal is > 9σ. This model yields to a branching fraction
ratio of B (Y → χc0ω) /B (Y → hcpi+pi−) = 6.0 ± 8.9 ± 1.4 (Sol. A) = 0.32 ± 0.23 ± 0.07 (Sol. B) – see Figure 2 and
Table II.
Even though model-II fits data better, the presence of two peaks with so different widths and amplitudes appears
unlikely. The broad Breit-Wigner peak just acts as a more effective (but less plausible) parameterization of the
background although more data at masses higher than 4.5 GeV are needed to discriminate experimentally between
the two models. The fitted values of mass and width of the Y (4220) according to two models are not in statistical
agreement since the two data samples are the same. Nonetheless, we will assume that the best estimates of the
Y (4220) mass and width come from the model-I fit since it is sounder from the physical point of view. In any case,
the conclusions of our study would be the same considering the results of the fit to model-II, albeit larger errors.
Ref. [15] proposed that exotic resonances are due to a Feshbach mechanism, i.e. a resonance appears in an open
4(molecular) channel because of the hybridization with a closed channel (discrete level of a tetraquark Hamiltonian).
The width of these resonances can be evaluated to be Γ = A
√
M −Mth, being Mth the mass of the closest 2-body
threshold, and A = 10± 5 GeV1/2. This formula predicts a width Γ = 48± 32 MeV for the Y (4220), compatible with
the experimental one.
To further check the predictions within the tetraquark model [11], we compute the ratio in Eq. (4). The same analysis
of the hcpi
+pi− final state showed a resonance, dubbed Z ′c(4020), in the e
+e− → Z ′c(4020)±pi∓ → hcpi+pi− process [3].
From the cross sections in Ref. [3], we can see that the fractionsRZ = σ (e
+e− → Z ′±c pi∓ → hcpi+pi−) /σ (e+e− → hcpi+pi−)
at
√
s = 4.23, 4.26 and 4.36 GeV do not vary with
√
s (see Table III). The first point is very close to the
Y (4220) peak, and the other ones are slightly above. This would suggest that the same fraction occurs in
the resonant events RY Z = σ (Y → Z ′±c pi∓ → hcpi+pi−) /σ (Y → hcpi+pi−). We therefore can preliminary assume
RY Z = RZ(
√
s = 4.23 GeV) = (17 ± 7)%. However, we remark that we have no information on RZ in the left
sideband, and a proper multidimensional analysis is due to better establish RY Z . In the following, we will show our
results as a function of RY Z . On the other hand, we will not include an intermediate Zc(3900)
+pi− channel, since
the signal Zc(3900)
+ → hcpi+ is not significant. We also estimate the contribution of a pipi resonance, in particular
Y → hcσ → hcpi+pi−, whose presence will be verified by a detailed Dalitz analysis when new data will by available
by BES III.
We parametrize the matrix elements by enforcing Lorentz invariance and discrete symmetries,
〈χc0(p)ω(η, q)|Y (λ, P )〉 = gχ η · λ, (7a)
〈Z ′c(η, q)pi(p)|Y (λ, P )〉 = gZ η · λ
P · p
fpiMY
, (7b)
〈hc(η, q)σ(p)|Y (λ, P )〉 = gh εµνρσηµλν P
ρqσ
P · q , (7c)
〈pi(q)pi(p)|σ(P )〉 = P
2
2fpi
, (7d)
where gZ , gh and gχ are effective strong couplings with dimension of a mass. Applying the reduction formula to the
(off-shell) interpolating field of the pion, one obtains
〈β pi |α〉 → − 1
fpi
〈β|∂ ·A(0)|α〉 → −p
µ
pi
fpi
〈β|Aµ(0)|α〉 (8)
in the chiral limit. In our case, the latter matrix element is a vector, being α a vector and β an axial-vector. Thus it is
either a polarization or a momentum of α, β. An S-wave transition is obtained in the latter case, Eq. (7b). Similarly,
the emission of two pions implies a factor P 2 in the amplitude σ → pipi, Eq. (7d).
Hence, the decay widths in narrow width approximation [16] are:
Γ (Y (4220)→ χc0ω) = 1
3
p∗(MY ,mχ,mω)
8piM2Y
g2χ
(
3 +
p∗2(MY ,mχ,mω)
m2ω
)
, (9a)
Γ
(
Y (4220)→ Z ′±c pi∓ → hcpi+pi−
)
= 2× 1
3
g2Z
8piM2Y
∫ (MY −mpi)2
(mpi+mh)
2
ds p∗(MY ,
√
s,mpi)
(
3 +
p∗2(MY ,
√
s,mpi)
s
)
× E
2
pi(
√
s)
f2pi
1
pi
mZΓZ
(s−m2Z)2 +m2ZΓ2Z
p∗3(
√
s,mh,mpi)
p∗3(mZ ,mh,mpi)
m3Z
s3/2
B (Z ′c → hc pi) , (9b)
Γ
(
Y (4220)→ hcσ → hcpi+pi−
)
=
1
3
g2h
8piM2Y
∫ (MY −mh)2
4m2pi
ds p∗(MY ,
√
s,mh)
2p∗2(MY ,
√
s,mh)
m2h + p
∗2(MY ,
√
s,mh)
× 1
pi
mσΓσ
(s−m2σ)2 +m2σΓ2σ
p∗(
√
s,mpi,mpi)
p∗(mσ,mpi,mpi)
s
m2σ
B (σ → pi+pi−) , (9c)
√
s (GeV) σ
(
e+e− → Z′±c pi∓ → hcpi+pi−
)
(pb) σ
(
e+e− → hcpi+pi−
)
(pb) RZ (%)
4.23 8.7± 1.9± 2.8± 1.4 50.2± 2.7± 4.6± 7.9 17± 7
4.26 7.4± 1.7± 2.1± 1.2 41.0± 2.8± 3.7± 6.4 18± 7
4.36 10.3± 2.3± 3.1± 1.6 52.3± 3.7± 4.8± 8.2 20± 8
Table III. Cross sections measured at BES III at different
√
s [3]. For RZ , the systematics which do not cancel in the ratio are
taken into account and summed in quadrature with the statistical error.
5where p∗(m1,m2,m3) is the decay 3-momentum in the m1 rest frame. In Eq. (9b), the factor of 2 takes into account
the incoherent sum over the two charged resonances, being the interference numerically negligible.
For the sake of simplicity, since we are not able to resolve the details of the lineshape within our large un-
certainties, we considered the σ resonance to be described by a Breit-Wigner distribution with mass and width
Mσ = (475± 75) MeV, Γσ = (550 ± 150) MeV. To obtain the branching ratio B (Z ′c → hc pi), we assume the total
width of Z ′c to be saturated by the observed decay modes into hcpi [3] and D
∗D¯∗ [17]. We use the BES measurements
of production cross sections
σ(e+e− → Z ′±c pi∓ → hcpi+pi−) = (7.4± 1.7± 2.1± 1.2) pb, (10)
σ(e+e− → (D∗D¯∗)±pi∓) = (137± 9± 15) pb, (11)
and of the cross sections ratio
R =
σ(e+e− → Z ′±c pi∓ → (D∗D¯∗)±pi∓)
σ(e+e− → (D∗D¯∗)±pi∓) = 0.65± 0.09± 0.06, (12)
to estimate the branching ratio
B(Z ′c → hcpi) = (8.0± 3.6)%. (13)
The branching fraction B(σ → pi+pi−) can be assumed to be ' 23 via isospin symmetry. The effective strong couplings
gχ, gh, gZ in Eq. (9) are unknown and should be fitted from data.
To obtain a prediction within the diquark-antidiquark model, we assume that a tetraquark couples universally to
any charmonia, i.e. that the strong effective couplings are equal to a universal constant times a factor depending on
heavy quark spin content [8, 11, 18].
In the |scc¯, sqq¯〉 basis, we have:
|Y (4220)〉 =
√
3
2
|0, 0〉 − 1
2
|1, 1〉 ,
|Z ′c〉 =
1√
2
(|1, 0〉+ |0, 1〉) (14)
and we recall
|hc〉 = |scc¯ = 0〉 , |χcJ〉 = |scc¯ = 1〉 . (15)
Hence, we get gh : gχ = 〈Y |hc〉 : 〈Y |χcJ〉 =
√
3 : 1. The estimate of the ratio gZ : gχ deserves a separate comment.
The decay Y (4220) → Z ′cpi is an hadronic transition between tetraquark states. With the additional assumption
that the dynamics of tetraquark transitions is the same as that of tetraquark-charmonium decays, one could get
gZ : gχ = 〈Y |Z ′c〉 : 〈Y |χcJ〉 =
√
3−1
2
√
2
: 12 ' 0.52. This result is potentially affected by large corrections. Comparisons
with new tetraquark candidates decays will allow us to probe the validity of this assumption, and evaluate the errors
properly. That said, an order-of-magnitude estimate is given by the ratio:
Γ (Y (4220)→ χc0ω)
Γ(Y (4220)→ Z ′±c pi∓ → hcpi+pi−)
= 13.4± 3.6, (16a)
hence
Γ (Y (4220)→ χc0ω)
Γ(Y (4220)→ hcpi+pi−) = (13.4± 3.6)×RY Z = 2.3± 1.2. (16b)
In Figure 3 we show this result as a function of RY Z . For the quoted value of RY Z , the ratio is compatible with the
solution (4a) of the fit, even better if RY Z will be discovered to be larger. Similarly, we predict
Γ (Y (4220)→ Z ′±c pi∓ → hcpi+pi−)
Γ (Y (4220)→ hcσ → hcpi+pi−) = 4.8± 3.5, (16c)
which can be verified by a detailed Dalitz analysis when more data will be available. The errors in Eq. (16) are due
to the experimental uncertainty on masses, widths and branching fractions of the intermediate resonances. We stress
that we are not considering the error on the couplings.
In conclusion, the structures seen by BES III in hcpi
+pi− and χc0ω can be explained within the diquark-antidiquark
model. The results are summarized in Figure 3. A detailed analysis of the e+e− → hcpi+pi− Dalitz plot as a function
of
√
s will establish the value of RY Z and further constrain this model when more data from BES III will be available.
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Figure 3. Measurements and predictions for Γ (Y → χc0ω) /Γ
(
Y → hcpi+pi−
)
as a function of RY Z =
σ
(
Y → Z′±c pi∓ → hcpi+pi−
)
/σ
(
Y → hcpi+pi−
)
. The solid line is the prediction as a function of RY Z , the colored band
the correspondent error. The red and green points are the experimental ratios in Eq. (4), plotted at the measured
RY Z = (17± 7)%.
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